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Abstract To determine the critical factors that produce cooling, a phantom simulating
human fetal skull bone was immersed in a soft tissue mimicking material (TMM). This was
exposed to clinically relevant pulsed Doppler ultrasound with power outputs of up to
255 mW. Water flowing in a 2-mm wall-less channel in the TMM, at various distances from
the bone target, simulated blood flow. The temperature was measured at the inner surface of
the bone. The cooling effect was more effective as the distance between the perfusing channel
and bone was decreased, as the number of channels increased and as the ultrasound
beamwidth increased.

Introduction

Pulsed Doppler ultrasound is often used in obstetrics to determine blood flows in a fetal brain
such as in intracranial arteries [1]. As this mode of ultrasound generally requires enhanced
power levels to penetrate some areas of skull bone, due to its high ultrasonic absorption

coefficient [2], there is the potential to produce temperature rises of over 5 OC [3] in tissues
close to bone. This raises an important safety issue for central nervous tissue, which animal

studies have shown is sensitive to temperature elevations of 4.5 OC above normal for a few
seconds [4]. Whilst blood flow in tissue (i.e. perfusion) is acknowledged to produce a
measure of cooling [5], the extent and nature of this cooling is not fully understood.

A number of animal studies have been carried out to assess the effects of blood flow on the
ultrasound-induced heating in fetal or neo-natal skull bone. An accepted method of achieving
this was to measure the temperature elevation during ultrasonic exposure while the animal
was alive and again immediately after the animal was euthanased. The difference in the
maximum temperature rise in skull bone gave a measure of the cooling due to perfusion.
Measurements using different animal models have obtained varying amounts of perfusion-
induced cooling from 0 to 43%, depending on the location at which the temperature was
measured and the width of the ultrasonic beam used [6], [7]. Hence it is desirable to use a
simple and reproducible skull bone-brain tissue phantom to investigate the critical factors that
determine the cooling effect of a single large vessel or a number of smaller vessels, without
the complication of differing conditions.

The aim of the present study is twofold: 1. To fabricate a simple test phantom with ultrasonic
properties similar to a human fetal head; 2. to measure the cooling effect of water flowing at a
steady rate in a simulated artery or channel near an ultrasonically heated bone target as a
function of ultrasonic source power, flow rate, bone-channel separation distance, ultrasonic
beamwidth and number of perfusing channels.

Methods and Materials

A phantom was fabricated, which simulated a human fetal brain and skull bone. The *skull
bone’ (0.5 mm thick) was made from a high-density polyethylene which has similar thermal
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and ultrasonic properties as human fetal bone. The ‘brain tissue’ was made from an animal
gelatine and water mixture [8] of tissue mimicking material (TMM).

Perfusion was simulated by allowing water to flow (at room temperature) in a single 2-mm
diameter wall-less channel in the TMM material at various distances from the bone target.
Figure 1 shows the key features of the bone phantom. Another experiment used 4 channels,
each of diameter 1.4 mm and yet another used 8 channels, each of diameter 0.5 mm. A flow
rate was produced by a constant pressure head and was maintained by a peristaltic pump,
which returned the water to an upper reservoir, as described in greater detail elsewhere [7].
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Figure 1. A schematic
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The phantom was exposed to clinically relevant pulsed Doppler ultrasound conditions. A
focussed transducer with a centre frequency of 3.5 MHz was used, which emitted pulses of
duration 5.7 us with a repetition frequency of 8 kHz and power outputs of up to 255 + 5 mW.
The pulsing conditions used in this study were chosen to avoid non-linear propagation
conditions, which may produce additional heating [9]. Two ultrasonic (-6 dB) beamwidths
were used at a power output of 100 + 2 mW; 3.1 mm (narrow beam) and 7.8 mm (wide beam)
with intensities of 1.1 W cm-2 Ispra and 0.26 W cm-2 Ispra, respectively. The temperature
was measured with 50 um chromel-alumel thermocouples attached to both surfaces of the
bone mimic. In this paper, only the measurements at the surface distal to the ultrasonic
transducer are recorded, simulating the inner aspect of a fetal skull.

Results

The cooling effect due to arterial perfusion at a fixed distance from the heated bone surface
was found to be independent of the ultrasonic source power for different perfusion rates.
Figure 2 illustrates this independence for a bone-channel distance of 1.5 mm.
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The perfusion-induced cooling effect initially increases with flow rate but then saturates to a
constant value (beyond 5 mL/min/100g) dependent on how far the perfusing channel is from
the heated bone target (Figure 3). The human fetal cerebral perfusion rate is assumed to be 20
to 30 mL/min/100g, which is well above the saturation value that occurs at approximately
5 mL/min/100g [7]. The error bars represent the SEM of the measurements.
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The perfusion-induced cooling effect is strongly dependent on the distance between the
perfusing channel and the heated bone target. Furthermore, this cooling effect was more
pronounced when a wide ultrasonic beam (compared to a narrow beam) heated the bone. The
% cooling by a single perfusing channel after 2 minutes of narrow and wide beam exposure as
a function of bone-channel distance, measured at the bone surface distal to the transducer, is
shown in Table 1 when the ultrasonic source power was 100 mW.

Table 1. The % cooling as a function of the bone-channel spacing after bone is exposed to a
2-minute exposure to an ultrasonic beam of power 100 mW.

% Cooling
Bone — Channel Narrow Beam Wide Beam
Spacing (mm) (3.1 mm beamwidth) (7.8 mm beamwidth)

1 36.7+1.4 49.8+0.8

15 134 +1 16.8+0.9

1.7 104+1.4 ---
2 81+1.38 ---
3 3.8+1.9 5+19

The perfusion-induced cooling was enhanced (Table 2) by increasing the number of perfusing
channels from 1 to 4, even though the perfusion rate in both were identical, at 23 mL min™
100 g*. In the 4-channel specimen, all channels are in a plane at a separation of 1.3 mm from
the distal bone surface. The closest comparative single-channel specimen was the bone-
channel separation of 1.5 mm. For the 8-channel specimen, the average distance of the
channels from the bone surface was 4 mm. The closest comparative single-channel specimen
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was that with a bone-channel spacing of 3 mm. The perfusion rate for both the single and 8
channel cases was above 5 mL min™ 100 g™, the value above which there is no additional
cooling due to perfusion [7].

Table 2. Comparison of the percentage cooling for one or more channels as a function of
ultrasound beamwidth.

% Cooling
Number of channels Narrow Beam Wide Beam
(separation distance) (3.1 mm beamwidth) (7.8 mm beamwidth)
Single (1.5 mm) 12.7+1.3 16.8+0.9
4 Channels (1.3 mm) 155+0.8 26.3+0.6
Single (3.0 mm) 3.8+0.3 50+14
4 Channels (4.0 mm) 8.3+0.3 154+1.6

For both narrow and wide ultrasonic beams, the multiple channel phantoms produce
significantly greater cooling than a single channel at a similar spacing. Furthermore, this
cooling is enhanced even further if the multiple channel specimens are exposed to a wide
ultrasonic beam as against a narrow beam.

Conclusions

It is acknowledged that the cooling effect of homogeneous in vivo perfusion is not the same as
cooling by a single large vessel or a number of fine vessels as used in this study.
Nevertheless, it has confirmed and strengthened previous findings of both animal experiments
and computer simulations. Furthermore, this study has established the following key points
when an ultrasound beam heats a bone target. The cooling effect of liquid flow in a single
simulated arterial vessel is strongly dependent on how far it is from the bone surface; the
closer it is to the bone surface, the more effective the cooling. Perfusion in multiple channels
produces a greater cooling than a single channel with the same flow rate. The perfusion-
induced cooling is enhanced as the ultrasonic beamwidth, incident on the bone, is increased.
The cooling effect of liquid flow in a simulated arterial vessel is independent of the ultrasonic
source power. Furthermore, the cooling effect of the liquid flow increases with flow rate but
then saturates, at approximately 5 mL min™ 100 g *, to a constant value.
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agreement between theory and experiment has been obtained for the excited states but not for
the ground states. We have now extended the experimental investigations for boron with
B||<110> and B up to 18 T in the Faraday configuration.

Experimental Results and Discussion

The Zeeman components of the G line [11] of boron in Ge for B||[<110> are shown in Fig. 1
for a number of values of B, while Fig. 2 gives the spectrum for B = 12 T on a magnified
scale. These spectra were all obtained with an unapodised resolution of 0.18 cm™. In the
Faraday configuration E is perpendicular to B, where E is the electric field of the far-infrared
radiation. For BJ||<110>, the point group, Oy, of the unperturbed impurity reduces to C,, and
the irreducible representations of the fourfold degenerate impurity states, I's", yield 2(I's" +
') [9, 10], where the + signs are parity labels. These two pairs of Zeeman states will be
designated as 3.1, 3.2, and 4.1, 4.2. Transitions from the even-parity ground state to the odd-
parity excited states are labelled by (i,f), where i, f = 3, 4 and the selection rules are i = f for
E|B and i = f for ELB. Thus eight components are allowed in the present case, all of which
are observed. The labelling of the components in Fig. 2 follows the above notation, their
identification being based on a comparison with the lower-field, higher-resolution studies for
aluminium in Ge [8].
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Fig 2. The Zeeman spectrum of the G line of Boron in Germanium at 12 T for
B||<110> in the Faraday configuration.
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Fig 3. Dependence of the energies of the Zeeman components of the G line of
Boron in Ge on magnetic field strength.

In Fig. 3 is given the dependence of the experimental energies of the G components on B.
These results are represented by the data points through which the full curves are fitted. Also
shown on this figure as dashed curves are the predictions of one of the calculations [10]. It is
seen that qualitatively the predictions are in good agreement with the experimental results.
However, quantitatively, the experimental and theoretical results for the transition (4.2,3.2)
are significantly different.

Conclusions

The qualitative splittings of some of the states involved in the Zeeman spectrum of the G line
can be recognised from the labels on the transitions in Figs. 2 and 3. Thus, it is seen that the
splitting of the ground states I's;" and T's," at large magnetic fields is comparable to the
splitting of its excited-state counterparts I's;” and I';,” while this is not so for I's;" and Ty,
The details of these splittings will be presented elsewhere along with the results of the
analysis of the Zeeman data for the other lines obtained in the present studies.
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